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Introduction {#sec004}
============

Noninvasive skin thickness measurement is a medical approach applied in different healthcare areas. Skin image analysis has been supporting innovations in health protection \[[@pone.0196542.ref001], [@pone.0196542.ref002]\] and improvements in cancer research \[[@pone.0196542.ref003]\]. Diagnostic imaging methods offer a view into skin layers in vivo and in real time. They have advantages over histological methods in that they provide timely results, and morphology maintenance highlights the importance of noninvasive image analyses \[[@pone.0196542.ref002]\]. High-frequency ultrasonography had a previous validation as a method in determining dermal and subcutaneous thicknesses \[[@pone.0196542.ref004], [@pone.0196542.ref005]\].

Cutaneous aging is a biological phenomenon studied in adults and the elderly. Skin thickness, dermal density, and echogenicity changes are part of the maturity process documented by imaging markers and comparable with histological parameters \[[@pone.0196542.ref006]\]. During intrauterine life, the skin development process is a continuum that involves embryological steps and maturation of the skin layers, including the stratum corneum \[[@pone.0196542.ref007], [@pone.0196542.ref008]\]. The connection of an age-related morphological postmortem pattern of the fetal skin was previously reported with a high concordance with the chronology of gestation \[[@pone.0196542.ref009]\]. To date, the relationship between skin layer noninvasive thickening with neonatal age or nutritional status has not been established.

The neonatal age at birth is determined by the chronology of gestation in weeks. The first-trimester obstetric ultrasonography result is the standard that establishes or confirms the gestational age (GA) \[[@pone.0196542.ref010]\]. However, limited access to obstetric ultrasonography, late prenatal care, and imprecision of postnatal scores of maturity hinders the assessment of the actual GA \[[@pone.0196542.ref011], [@pone.0196542.ref012], [@pone.0196542.ref013]\]. Unknown or inaccurate GA results in risks for infants at birth, as caregivers take critical decisions based on the degree of prematurity \[[@pone.0196542.ref014]\]. Besides, the lack of quality in GA information results in the misclassification of newborn nutrition, resulting in inexact proportions of all the fetal growth profile \[[@pone.0196542.ref015], [@pone.0196542.ref016]\]. New methodologies to estimate GA are claimed by health policies to offer more democratic and easy-to-use solutions, mainly in low- and medium-income countries \[[@pone.0196542.ref011], [@pone.0196542.ref012], [@pone.0196542.ref017]\]. This study investigated the correlation between the length of pregnancy and neonatal skin thickness at birth. As secondary objective, it analyzed the influence of underweight and overweight infant profiles on the skin layer dimensions.

Methods and materials {#sec005}
=====================

Environment and subjects {#sec006}
------------------------

In this feasibility study, 222 liveborn infants in tertiary referral neonatal care hospitals from January to December 2016 were prospectively selected in accordance with the eligibility criteria. The research protocol was approved by the institutional review boards in Brazil, register No. CAAE 49798915.2.0000.5149. A written informed consent was obtained from each mother on behalf of the newborns. The database is available in [S1 Spreadsheet](#pone.0196542.s001){ref-type="supplementary-material"}. The inclusion criteria were neonates with GAs of \>25 weeks, calculated using an early-ultrasonography-based reference, performed before 14 weeks \[[@pone.0196542.ref010]\]. Infants with fetal diseases that can affect the skin structure \[[@pone.0196542.ref018]\], such as fetal hydrops, anhydramnios, or genodermatoses, or clinical evidence of intrauterine infections were excluded. Premature infants were the primary targets during the selection, included at a 1:1 term-to-preterm ratio from an availability sampling. The study size was planned on the basis of a moderate correlation between the GA and the skin thickness (n = 191).

The newborns were classified according to the standard birthweight charts developed by the Intergrowth-21st Study \[[@pone.0196542.ref019], [@pone.0196542.ref020], [@pone.0196542.ref021]\]. The 10^th^ and 90^th^ percentiles were considered the lower and upper limits for the definition of small-for-gestational-age (SGA) and Large-for-gestational-age (LGA), the others being classified as Adequate-for-gestational-age (AGA), with birth weights between the 10th and 90th percentiles \[[@pone.0196542.ref022]\].

Neonatal assessment was performed as soon as possible after birth on the first day of life. The infants were evaluated in the mother-child room or in the neonatal intensive care unit (NICU), inside their incubators or in an open heating crib, wherever they were taken care of to ensure minimum manipulation and stable clinical conditions. A handheld DermaLab USB Series ultrasonography from Cortex Technology scanned the skin over the internal distal forearm and on the plantar posterior surface of the foot once or more until a good-quality image without artifacts was obtained \[[@pone.0196542.ref023]\]. A mechanical/circular (20 MHz) probe with a resolution of 60 × 200 mm, penetration capacity of 3.4 mm, adjustable gain settling of 10 dB, scan length of 17 mm, and footprint of 11 mm was used. Before data analysis, a final quality review checked the image storage data one by one. Detailed protocol of the skin assessment is available at [dx.doi.org/10.17504/protocols.io.nfgdbjw](http://dx.doi.org/10.17504/protocols.io.nfgdbjw).

Reliability of measurements {#sec007}
---------------------------

The precision of the thickness measurements was calculated in a sample of 28 volunteer adults aged 18 to 50 years. Abdominal skin image scanning and automated processing using our dedicated software \[[@pone.0196542.ref024]\] were performed. Precision was defined as the ability to report the same value taken on the same site of the body for several times. The coefficients of variation of 30 assessments per person were calculated, and the precision of the measurements was estimated using twice the standard deviations (SDs) of the mean as the repeatability. The coefficients of variations of epidermal thickness were \<1% (mean, 0.34%) for all 28 adults, and the number of their scanned images was 837. The precision of the measurements was 0.114 to 0.187 mm for the images with a 0.150-mm thickness. Besides, the skin was assessed by a second blinded examiner, with a single measurement being acquired by each interrater agreement. The coefficient of variations of epidermal thickness between raters was 1.9% (95% confidence interval \[CI\] of the mean: 0.7--4.5%).

Data processing and statistical analyses {#sec008}
----------------------------------------

Automated measurements of skin layer thickness involved the use of two different software programs for digital image processing. The DermaLab^®^ embedded software provided dermal measurements ([Fig 1A and 1B](#pone.0196542.g001){ref-type="fig"}) but not epidermal thickness. For the epidermal axial dimension estimation, we developed a dedicated software in Python language \[[@pone.0196542.ref024]\]. The ultrasonography skin image ([Fig 1A](#pone.0196542.g001){ref-type="fig"}) with a 356- × 276-pixel resolution automatically identified the epidermis (white layer in [Fig 1C](#pone.0196542.g001){ref-type="fig"}, which was separated in a new frame in [Fig 1D](#pone.0196542.g001){ref-type="fig"}). The calculation of the epidermal thickness for each line in the image array was based on the size of the pixel in the frame obtaining 356 thickness values. Using a bootstrap technique in the selected sample size with 70 lines, the software resampled the thickness values 2,000 times, obtaining a frequency distribution. From a Gaussian distribution adjustment curve to the epidermis measurement, the peak was the thickness value, and the full width at half-maximum (FWHM) area was the sigma error value. During the image quality analysis, the measurements with non-normal distributions were promptly indicated to promote a visual inspection of the ultrasonography image.

![High-frequency ultrasonography image of the skin over the forearm with automated epidermal thickness estimation.\
(A) Skin ultrasonography image. (B) The red lines and the grid in between indicate the area over which dermal thickness is calculated using the DermaLab^®^ software. (C) The red color corresponds to the automated epidermal boundary detection by our dedicated software. (D) The white and black limits of the epidermis correspond to the automated mean thickness estimation by our dedicated software.](pone.0196542.g001){#pone.0196542.g001}

Descriptive statistics was used to assess the clinical, skin measure, and environmental variables during the assessment. Depending on the data distribution, quantitative variables were presented as means (95% CI), standard deviations (SDs), medians (minimum and maximum), or interquartile ranges (IQRs). The magnitude of the skin layer thickness was presented using histograms of frequency. Qualitative variables were presented as absolute values and percentages. The neonatal characteristics and skin layer thickness of the infants were described in accordance with the standard fetal growth (AGA, SGA, and LGA) \[[@pone.0196542.ref021], [@pone.0196542.ref022]\] and compared using Kruskall-Wallis or Chi-square tests.

Growth standard-dependent differences in the skin layer thickness were determined using a one-way analysis of variance or Kruskal-Wallis according to the data distribution and post hoc test. A regression analysis was performed to determine the correlation between GA and skin thickness parameters for each body site. Nonlinear models were adjusted to fit the correlation between predictors and outcomes better. The best body site on the newborn skin to correlate with GA was inferred from the regression coefficients obtained in the scatter plot of skin layer thickness versus GA. Multiple regression analysis included predictor variables from the univariate models, considering the effect modifiers from incubator stay, and the standard fetal growth, using the enter method of model arrangement. Coefficients of determination (adjusted *R*^2^) were determined on the basis of the hypothesis that all coefficients were 0. A normality test for the residual analysis was performed. The statistical program SPSS^®^ 22.0 was used for the analysis. The significance level adjusted for the hypothesis test was set at 5% with 95% CIs.

Results {#sec009}
=======

Newborn characteristics {#sec010}
-----------------------

GA ranged from 24 to 41 weeks of gestation. Prematurity occurred in 116 infants (52.3%). Among these infants, 13 (11.2%) were born at GAs of \<28 weeks, 23 (19.8%) were born preterm with GAs of 28 to \<32 weeks, and 78 (67.2%) were preterm with 32 to \<37 weeks. Of the 222 infants, 53 (23.9%) had an inappropriate fetal growth expected for their GA, 36 (16.2%) were underweight, and 17 (7.7%) were overweight. GA at birth and prematurity rate were similar between the groups ([Table 1](#pone.0196542.t001){ref-type="table"}, lines 1 and 4). A maternal nutrition-dependent difference in the neonatal classification of fetal growth, with lower body mass index (BMI) in the SGA group related to AGA (P = 0.039) and LGA infants (P = 0.028; [Table 1](#pone.0196542.t001){ref-type="table"}, line 2). Furthermore, major malformations and longer NICU stays were more frequent in the SGA infants ([Table 1](#pone.0196542.t001){ref-type="table"}, lines 7 and 8).

10.1371/journal.pone.0196542.t001

###### Clinical characteristics of the studied gestation and newborns, considering birth weight patterns.

![](pone.0196542.t001){#pone.0196542.t001g}

  Neonatal and obstetric characteristics               AGA n = 169 (76.1%)                                                SGA n = 36 (16.2%)                                                 LGA n = 17 (7.7%)                                                   Total n = 222 (100.0%)   P-value
  ---------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------ ------------------------------------------------------------------- ------------------------ ---------------------------------------------------
  **Gestational age, weeks median (range)**            **36.1 (24.1--41.8)**                                              **35.2 (26.7--40.5)**                                              **36.9 (31.6--41.0)**                                               **37.6 (26.1--41.8)**    **0.275**[^a^](#t001fn002){ref-type="table-fn"}
  **Maternal nutrition (BMI), kg/m2 median (range)**   **29.2 (18.4--42.9)**                                              **27.2b (18.8--74.2)**                                             **30.5 (21.8--46.1)**                                               **28.9 (18.4--74.2)**    **0.014**[^a^](#t001fn002){ref-type="table-fn"}
  **Twinning n (%)**                                   **22 (13.0)**                                                      **3 (8.3)**                                                        **0**                                                               **25 (11.3)**            **0.224**[^d^](#t001fn005){ref-type="table-fn"}
  **Prematurity n (%)**                                **87 (51.5)**                                                      **22 (61.1)**                                                      **7 (42.2)**                                                        **116 (52.3)**           **0.366**[^c^](#t001fn004){ref-type="table-fn"}
  **Birth weight, g median (range)**                   **2800.0**[^b^](#t001fn003){ref-type="table-fn"} **(525--3990)**   **1752.5**[^b^](#t001fn003){ref-type="table-fn"} **(510--2810)**   **3705.0**[^b^](#t001fn003){ref-type="table-fn"} **(2025--4340)**   **2680.0 (510--4340)**   **\<0.001**[^a^](#t001fn002){ref-type="table-fn"}
  **Male n (%)**                                       **91 (53.8)**                                                      **19 (52.8)**                                                      **11 (64.7)**                                                       **121 (54.5)**           **0.675**[^c^](#t001fn004){ref-type="table-fn"}
  **Major malformations n (%)**                        **8 (4.7)**                                                        **7 (19.4)**                                                       **3 (17.6)**                                                        **18 (8.1)**             **0.004**[^d^](#t001fn005){ref-type="table-fn"}
  **NCIU at the assessment n (%)**                     **60 (35.5)**                                                      **21 (58.3)**                                                      **5 (29.4)**                                                        **86 (38.7)**            **0.027**[^c^](#t001fn004){ref-type="table-fn"}
  **Incubator stay n (%)**                             **57 (33.7)**                                                      **18 (50.0)**                                                      **5 (29.4)**                                                        **80 (36.0)**            **0.153**[^c^](#t001fn004){ref-type="table-fn"}

AGA: Appropriate-for-gestational age; LGA: Large-for-gestational age; SGA: Small-for-gestational age; BMI: Body Mass Index; NICU: Neonatal intensive unit care.

^a^Kruskal-Wallis test

^b^Post hoc test significant

^c^Pearson chi-square test

^d^Chi-square test by likelihood ratio

Skin layer thickness at birth {#sec011}
-----------------------------

Four hundred thirty-six skin images were selected on the basis of quality after excluding 10 images (2.0%). The magnitudes of the skin thicknesses of the epidermal and dermal layers of the 222 newborns on the first day of life was presented as histograms of frequency ([Fig 2](#pone.0196542.g002){ref-type="fig"}). The mean epidermal thickness at the sole had a similar dimension at the forearm as follows: 172.4 (19.6) μm and 174.6 (17.5) μm (P = 0.227). However, the median dermal thickness had a higher dimension at the sole (1244.5 \[869.0\] μm) than at the forearm (974.0 \[290.0\] μm; P \< 0.001).

![Magnitudes of the skin layer thicknesses of 222 newborns on the first day of life.\
(A) Distribution corresponds to the epidermal skin over the forearm. Values: n = 217; mean (SD), 172.4 (19.6) μm and 95% CI of the mean, 169.8--175.1. (B) Distribution corresponds to the dermal skin over the forearm. Values: n = 217; mean (SD), 974.0 (290.0) μm; 95% CI of the mean, 994.9--1061.8; and median (IQR), 974.0 (290.0) μm. (C) Distribution corresponds to the epidermal skin over the plantar surface. Values: n = 219; mean (SD), 174.6 (17.5) μm; 95% CI of the mean, 172.2--176.9. (D) Distribution corresponds to the dermal skin over the plantar surface. Values: n = 219; mean (SD), 1244.5 (869.0) μm; 95% CI of the mean, 1125.2--1263.9); and median (IQR), 1244.5 (869.0) μm.](pone.0196542.g002){#pone.0196542.g002}

Environmental conditions during the assessment {#sec012}
----------------------------------------------

Some of the newborns (86, 38.7%) were assessed in the NICU under variable conditions of temperature and humidity, depending on the installed interventions such as incubators, equipment, catheters, and medical devices. The other newborns in the maternal-child room received phototherapy inside incubators or in open heating cribs. The environmental conditions during the scanning are presented in [Table 2](#pone.0196542.t002){ref-type="table"}.

10.1371/journal.pone.0196542.t002

###### Environmental conditions and neonatal oximetry during the newborn assessment.

![](pone.0196542.t002){#pone.0196542.t002g}

  Environment parameters                                                                         n     Values
  ---------------------------------------------------------------------------------------------- ----- ------------
  Ambient temperature °C, mean (SD)                                                              219   25.7 (2.0)
  Ambient humidity %, mean (SD)                                                                  221   56.9 (8.7)
  Incubator temperature °C, mean (SD)                                                            81    33.7 (1.7)
  Incubator humidity %, median (range)                                                           75    53.0 (64)
  Newborn temperature[\*](#t002fn002){ref-type="table-fn"} °C, mean (SD)                         48    36.7 (1.8)
  Oximetry at the beginning of assessment[\*](#t002fn002){ref-type="table-fn"} %, median (IQR)   53    96.0 (1.5)
  Oximetry at the ending of assessment[\*](#t002fn002){ref-type="table-fn"} %, median (IQR)      53    96.0 (3.0)

SD: Standard deviation; IQR: Interquartile range

\*When under monitoring

GA prediction based on newborn skin thickness {#sec013}
---------------------------------------------

The epidermal skin thickness on the plantar surface had a weak linear correlation with GA (*R* = 0.150, *R*^2^ = 0.022, P = 0.027). Epidermal skin thickness on the forearm correlated with the gestational length in all the newborns, in the natural logarithm function (*R* = 0.610, *R*^2^ = 0.371, P \< 0.001, n = 217). The dermal skin thicknesses on the forearm and plantar surface were found to have a negative linear correlation with GA, with the following values: *R* = −0.370, *R*^2^ = 0.137, P \< 0.001 for the forearm site and *R* = −0.421, *R*^2^ = 0.177, P \< 0.001 for the plantar surface site.

The best adjusted multivariate model to explain the correlation between skin epidermal thickness and GA was that which included the epidermal layer on the forearm, adjusted by the incubator staying cofactor as follows: Gestational age (weeks) = −28.0 + 12.8 *Ln* (Epidermal thickness) − 4.4 Incubator staying; *R*^2^ = 0.604, P \< 0.001. In this multivariate model, the constant value for the standard fetal growth was 0.015 (P = 0.993). Another constant had a P value of \<0.001 for individual nullity test. Predicted values versus GA estimated using obstetric ultrasonography had a correlation of *R* = 0.78 (P \< 0.001; [Fig 3](#pone.0196542.g003){ref-type="fig"}).

![Gestational age estimated using the epidermal skin thickness of the forearm in comparison with GA at birth by early obstetric ultrasonography.\
Equation: Gestational age (weeks) = −28.0 + 12.8 *Ln* (Thickness) − 4.4 Incubator stay + 0.015 standard fetal growth; *R* = 0.777, *R*^2^ = 0.604, P \< 0.001.](pone.0196542.g003){#pone.0196542.g003}

The residual GA values that were not explained by the model had a normal distribution and estimated error of 17 days for the GA (Kolmogorov-Smirnov test, P = 0.092 [Fig 4](#pone.0196542.g004){ref-type="fig"}). It means that 95% of occasions, GA calculated by the model did not differ more than 34 days from GA estimated by obstetric ultrasonography ([Fig 4](#pone.0196542.g004){ref-type="fig"}).

![Histogram of residual value for the skin thickness vs. gestational age.](pone.0196542.g004){#pone.0196542.g004}

The influence of standards of fetal growth on the neonatal skin layers dimensions {#sec014}
---------------------------------------------------------------------------------

Epidermal thickness had a normal distribution, and the mean (SD) dimensions were similar among the three groups, considering the skin on the forearm and plantar surface ([Table 3](#pone.0196542.t003){ref-type="table"}, lines 2 and 7). Dermis, dermis-to-epidermis ratio, and total skin had asymmetrical distributions and were presented as medians and IQRs. No birthweight pattern-dependent differences in the skin layer thickness of the dermis on the forearm (P = 0.301) and plantar surface (P = 0.692), despite the asymmetrical trimodal distribution of the latter data ([Fig 2D](#pone.0196542.g002){ref-type="fig"}). No median (IQR) differences in the dermis-to-epidermis ratio or total skin thickness on the forearm and plantar surface ([Table 3](#pone.0196542.t003){ref-type="table"}).

10.1371/journal.pone.0196542.t003

###### Variation of skin thickness at birth according to birthweight patterns and examination site in newborns.

![](pone.0196542.t003){#pone.0196542.t003g}

                                   AGA                  SGA                  LGA                  Total                P-value
  -------------------------------- -------------------- -------------------- -------------------- -------------------- -------------------------------------------------
  **Skin over forearm**            **n = 166**          **n = 35**           **n = 16**           **n = 217**          
   **Epidermis (μm)**              **172.2 (19.8)**     **171.4 (20.6)**     **177.7 (15.2)**     **172.4 (19.6)**     **0.525**[^a^](#t003fn002){ref-type="table-fn"}
   **Dermis (μm)**                 **948.0 (293.0)**    **1053.0 (316.0)**   **948.0 (277.0)**    **974.0 (290.0)**    **0.301**[^b^](#t003fn003){ref-type="table-fn"}
   **Dermis-to-epidermis ratio**   **5.5 (2.2)**        **6.0 (2.2)**        **5.6 (1.7)**        **5.6 (2.2)**        **0.362**[^b^](#t003fn003){ref-type="table-fn"}
   **Total skin (μm)**             **1123.2 (256.6)**   **1248.3 (321.3)**   **1098.6 (292.6)**   **1153.1 (260.4)**   **0.252**[^b^](#t003fn003){ref-type="table-fn"}
  **Skin over plantar face**       **n = 166**          **n = 36**           **n = 17**           **n = 219**          
   **Epidermis (μm)**              **173.9 (17.5)**     **176.5 (18.1)**     **177.1 (17.0)**     **174.6 (17.5)**     **0.631**[^a^](#t003fn002){ref-type="table-fn"}
   **Dermis (μm)**                 **1264.0 (882.0)**   **1198.0 (809.0)**   **1099.0 (836.0)**   **1244.5 (869.0)**   **0.692**[^b^](#t003fn003){ref-type="table-fn"}
   **Dermis-to-epidermis ratio**   **7.4(5.3)**         **6.4 (5.2)**        **4.5 (5.5)**        **6.8 (5.2)**        **0.619**[^b^](#t003fn003){ref-type="table-fn"}
   **Total skin (μm)**             **1430.1 (894.9)**   **1369.1 (858.9)**   **1037.7 (833.7)**   **1390.8 (873.4)**   **0.695**[^b^](#t003fn003){ref-type="table-fn"}

AGA: Appropriate for gestational age; LGA: Large-for-gestational age; SGA: Small-for-gestational age; SD: Standard deviation; IQR: Interquartile range.

^a^ANOVA

^b^Kruskal-Wallis test

Discussion {#sec015}
==========

Main findings of the study {#sec016}
--------------------------

In this paper, we first present the potential of a new approach to estimate indirectly the GA at birth based on ultrasonography biometric measurements of the skin layers. The noninvasive epidermal skin measurement on the forearm correlated with the gestation length, mirroring the intrauterine stratification and keratinization of the surface responsible for tissue thickening, related to skin maturation. A new opportunity to infer the GA at birth based on the epidermal thickness emerged. As a feasibility study, the results highlighted whether the intervention is appropriate for further well-controlled testing.

The primary motivation of this study is the importance of accurate GA determination in reducing prematurity-related adverse outcomes in a birth setting without this critical information. Despite the established gold standard for GA \[[@pone.0196542.ref010]\], not all pregnant women needing opportune ultrasonography could access it \[[@pone.0196542.ref012]\]. Neonatal assessment of GA based on maturity scores has presented wide margins of error \[[@pone.0196542.ref013]\]. In low- and medium-income countries, lack of obstetric ultrasonography access is a concern \[[@pone.0196542.ref012]\] and accurate gestation chronology data are frequently unavailable \[[@pone.0196542.ref025]\]. Unplanned pregnancy and late prenatal care are situations not exclusive to resource-constrained countries \[[@pone.0196542.ref026]\], which challenge advances and new GA markers at birth.

On the basis of the gold standard assessment tool for determining GA using a noninvasive postnatal method, such outcomes can influence the search for postnatal gestational length markers. However, accurate estimation of GA at birth greatly varies because of the fetal intrinsic growth potentials and maternal influences on the intrauterine nutrition, resulting in inexact due dates. For instance, maternal diseases complicating pregnancy \[[@pone.0196542.ref027]\], socioeconomic status \[[@pone.0196542.ref028]\], and fetal malformations impact fetal nutrition and functional maturation of systems \[[@pone.0196542.ref029], [@pone.0196542.ref030]\].

Hidden prematurity is the clinical target that needs to be achieved, considering that high-risk newborns are often affected by intrauterine growth disturbances. Regarding this aspect, our results can detect the lack or small effect of fetal growth input on skin thickening. The birth-weight patterns did not influence the epidermal and dermal thicknesses. This might be because the dimensions did not include the subcutaneous fat layer. Skin development has a layered organization, including the avascular epidermis and vascularized dermis \[[@pone.0196542.ref018], [@pone.0196542.ref031]\]. The epidermal layer is essentially formed by keratinocytes from 20 weeks of gestation and becomes functional late in fetal life \[[@pone.0196542.ref032]\]. Neonatal skin contains less total lipids than adult skin \[[@pone.0196542.ref033]\].

The intriguing result could not be explained with our proposal and data. The negative correlation between the dermal layer thickness and GA, though weak, deserves more attention and further investigation. Skin anchoring evolution in the dermis and lipid skin barrier over the epidermis are related to expressive structural modifications \[[@pone.0196542.ref034]\] that can be associated with progressive dermal changes. To support this reasoning, we used the skin images obtained at 21, 34, and 40 weeks of gestation, when the dermal layer was more defined and less thick than at term ([Fig 5](#pone.0196542.g005){ref-type="fig"}).

![Neonatal skin with dermal layer measurements in stillbirths from biopsies over the plantar surface of the foot.\
Scale: 200 μm. Skin at (A) 21 weeks of gestation, 406.5 μm; (B) 34 weeks of gestation, 284.6 μm; and (C) 40 weeks of gestation.](pone.0196542.g005){#pone.0196542.g005}

Comparison of the skin measurements with those in previous studies {#sec017}
------------------------------------------------------------------

Skin thickness analysis based on noninvasive assessments to verify the intrauterine fetal growth effects is a novel approach. Few reports have been conducted on noninvasive neonatal skin thickness measurement, mainly including premature infants. A pioneer study on neonatal skin that used a high-frequency ultrasonography evaluated the relationship of the dermal and subcutaneous fat thickness to the skinfold measure to support the nutritional evaluation in the neonatal period \[[@pone.0196542.ref035]\]. In this study, we found that the skin thickness magnitude on the plantar surface was comparable with that in the study by Petersen et al., in which they used an equivalent image acquisition but only in seven newborns \[[@pone.0196542.ref035]\]. Other studies reported the anatomical variability of skin thickness to support vaccine delivery in 384 children after 4 months of age \[[@pone.0196542.ref036]\] and 10 children in another study to verify the effects of fitness on the skin \[[@pone.0196542.ref004]\]. Physiological skin structure modifications throughout the lifespan included skin thickness in 42 infant and adult subjects \[[@pone.0196542.ref037]\]. Despite GA influence on the epidermal thickness in our sample, the skin layer dimensions were comparable with the previous findings.

The comparability and credibility of our results can be attributed to the learning curve of our team (GLNV and IMFS) before the newborn assessments were conducted to determine the repeatability control and automated measurements of epidermal and dermal thicknesses via digital image processing software. High-risk newborn evaluations demand previous trainings and rigid procedure standardizations to avoid contamination and manipulation risks during the ultrasonographic examination to obtain reliable data. Environmental control (particularly temperature) during newborn assessment was a concern, as internal body heat can affect skin thickness during physical activity \[[@pone.0196542.ref037]\]. These conditions were stable during the assessments. Skin thickness measurement performed using high-frequency ultrasonography has previously shown precision, reproducibility, and validation as a method in determining only dermal and subcutaneous thicknesses in various anatomical locations \[[@pone.0196542.ref004], [@pone.0196542.ref005], [@pone.0196542.ref037]\], combined with gold standard methods \[[@pone.0196542.ref003], [@pone.0196542.ref038], [@pone.0196542.ref039]\]. We tested our own measurement repeatability for epidermal thickness, which corroborated previous reliabilities for the dermal and subcutaneous layers.

Strengths and limitations {#sec018}
-------------------------

The asymmetrical dermal dimension distributions taken on the plantar surface suggests a possible bias. This finding is expected, as the examiners noticed plantar reflex stimulation when the probe with a jelly touched the skin over the foot during the assessment, as expected in newborns \[[@pone.0196542.ref018]\]. We attribute the absence of linear and nonlinear correlations with GA in this site to unpredictable plantar contraction variations, which affect the skin elasticity during in vivo analyses. Furthermore, dermal detection limits via high-frequency ultrasonography in extremely premature infants weighing 510 g, as in our sample, were not reported. The dermal layer did not appear to be as well defined as the epidermal layer on the premature infant images and may not have been adequately measured using the equipment-embedded software.

The outcomes in this study should be interpreted with caution. The high-risk pregnancy rate represents referrals to neonatal services, not the general newborn population. Furthermore, low birth weight, intrauterine growth restriction, and prematurity are complex and heterogeneous antenatal health problems with multifactorial etiologies \[[@pone.0196542.ref028], [@pone.0196542.ref029]\] that may not be entirely represented in our sample, which limits the generalizability of our results. The expected fetal growth is a marker of health of pregnant women and long-term adverse consequences reflected in the compositions of neonatal tissues, organs, and functions \[[@pone.0196542.ref029], [@pone.0196542.ref040], [@pone.0196542.ref041]\]. Conclusions from this analysis were derived from overall findings from the whole study sample. Further analyses using other study designs that focus on each fetal growth abnormalities are still necessary to confirm our initial interpretation. Refinements of the multivariate model based on a larger sample size and various GAs are still needed before clinical proposals can be made.

Moreover, our research group reported that neonatal skin reflectance, adjusted by clinical variables, was related to GA, with higher correlation than skin thickness (*R*^2^ = 0.828, P \< 0.001) \[[@pone.0196542.ref042]\]. However, both analyses revealed bio-optical properties of the skin at birth as a target to improve maturity scores of GA prediction.

Conclusions {#sec019}
-----------

We emphasize skin thickness as a newborn maturity marker at birth, without the influence of the fetal growth standard. Newborn weight (underweight or overweight) has a potential to be added to the neonatal maturity assessment tool and GA prediction. Nevertheless, we still believe that skin maturity, reflected in the skin thickness dimension, can contribute to clinical applications that aid in improving the classification of neonates into groups with low birth weight, prematurity, and intrauterine growth restriction, which are directly linked to accurate prediction of GA.

Supporting information {#sec020}
======================

###### Excel spreadsheet presenting unidentified clinical data and skin thickness measurement from the acquisitions.

(PDF)

###### 

Click here for additional data file.
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AGA

:   adequate for gestational age

BMI

:   body mass index

CI

:   confidence interval

FWHM

:   full with a half-maximum

GA

:   gestational age

IQR

:   interquartile range

LGA

:   large for gestational age

NICU

:   neonatal intensive care unit

SD

:   standard deviation

SGA

:   small for gestational age
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